As many reports show that the InGaN quantum wells grown on semipolar substrate have better efficiency in the green spectrum, it is important to understand the light emission properties of these semipolar quantum wells. In this paper, we have studied the optical characteristics of a semipolar InGaN/GaN quantum well with different growth orientations. Also, the most common growth directions such as ͑1013͒ and ͑1122͒ planes are studied in details. The self-consistent Poisson and 6 ϫ 6 k · p Schrödinger solver has been applied to study the band structure of the semipolar InGaN-based quantum well. We find that the light emission polarization ratio has a very interesting switching behavior under different conditions of indium compositions, quantum well widths, and injection carrier densities. Our results show that the semipolar InGaN quantum well has a potential to be a polarized light source under certain conditions.
I. INTRODUCTION
In recent years, InGaN/GaN quantum wells have been widely used in several areas such as liquid crystal display ͑LCD͒ backlight module, blue-ray laser diode ͑LD͒, and solid state lighting. However, due to the strong polarization field caused by the strained InGaN layer in the c-plane, the quantum-confined Stark effect ͑QCSE͒ is induced and the internal quantum efficiency is reduced. The alloying of high indium composition in InGaN-based quantum well structure will not only lead to the higher lattice mismatch but also influence the growth quality of the material. As a result, there exists a "green-yellow gap" 1 in light emitting diodes ͑LEDs͒.
To reduce the internal electric field in the quantum well, one is to grow the InGaN quantum well along the ͑1120͒ direction ͑a-plane͒ [2] [3] [4] or along the ͑1100͒ direction ͑m-plane͒, [5] [6] [7] where the polarization charge is not formed at the interface or along some semipolar planes such as ͑1122͒ direction, [8] [9] [10] [11] ͑1013͒ direction, 12, 13 and ͑1101͒ direction. 14 Figures 1͑a͒-1͑c͒ show the schematics of several common semipolar planes. The advantages of using nonpolar or semipolar LEDs are not only reducing the QCSE but also making a polarized light source, which is important in applications needing a polarized light source, such as LD and LCD backlight module. 15, 16 The indium incorporation of the nonpolar InGaN/GaN quantum well is lower than that of the conventional c-plane InGaN-based quantum well. However, the indium incorporation of the semipolar quantum well may be comparable to, or greater than that of the c-plane one. Therefore, it is possible to overcome the green-yellow gap with semipolar InGaN quantum wells. It means that the semipolar device has a great chance to replace the nonpolar device in the longer wavelength such as green and yellow light emitters due to the higher indium incorporation. 1, 11, 17, 18 There have been some studies of semipolar InGaN/GaN quantum well LEDs with different growth orientations. 12, [19] [20] [21] [22] [23] [24] [25] [26] [27] They observed an in-plane anisotropic polarization feature of the semipolar quantum well, as well as the nonpolar one. The optical polarization properties of semipolar quantum well will be affected by the anisotropic normal strain and the shear strain components. As we know, the variation in the quantum confinement effect for the semipolar quantum well depends on the out-plane effective mass. Therefore, the analysis of optical polarization properties in semipolar orientation is more complicated than that in the a͒ Electronic addresses: yrwu@cc.ee.ntu.edu.tw and yrwu@ntu.edu.tw.
FIG. 1.
͑Color online͒ ͓͑a͒-͑c͔͒ are semipolar planes ͑1122͒, ͑1011͒, and ͑1013͒, respectively. ͑d͒ is the configuration of the rotating coordinate system from ͑x , y , z͒ to ͑xЈ , yЈ , zЈ͒; ͓͑e͒ and ͑f͔͒ are the schematic illustrations of rotating GaN crystal structure with angle and angle, respectively. nonpolar orientation. Also, the injected carrier density plays an important role in determining the light emission property. Usually with higher carrier injection density, more subbands are filled and it modifies the polarization ratio of light.
In this work, we work on the calculation of the optical polarization properties of InGaN semipolar quantum wells with different growth orientations. We applied a selfconsistent Poisson and 6 ϫ 6 k · p Schrödinger method 28, 29 to obtain the band bending caused by piezoelectric polarization, the band structure, energy subband levels, and wave functions. The strain deformation effect is considered here. The semipolar plane ͑1013͒ and ͑1122͒ will be discussed in great detail. The result of ͑1011͒ is close to ͑1122͒ so that ͑1122͒ can be taken as a reference.
II. FORMALISM
To understand the light emission polarization property of the semipolar quantum well system, we need to address the following issues: ͑1͒ the valence band states mixing, ͑2͒ the energy separation of CH1 and CH2 bands, and ͑3͒ the effective mass ratio of CH1 to CH2 band which strongly affects the ability of the quantum confinement. We applied 6 ϫ 6 k · p method 30 for calculating the valence band and effective mass approximation method for calculating the conduction band. The 6 ϫ 6 Hamiltonian of k · p model can be expressed as
where
͑2͒
D 1 -D 6 are the deformation potentials and A 1 -A 7 are the fitting parameters to valence band structures. k i and ⑀ ij ͑i , j = x , y , z͒ are the wave vector and the strain tensor. ⌬ 1 is the crystal-field energy. ⌬ 2 and ⌬ 3 are the spin-orbit energy parameters. ͉u 1 ͘ -͉u 6 ͘ are the bases of the Hamiltonian, which where the angles and denote the rotation angle from the z-axis ͑c-axis͒ to the x-axis and from x-axis to y-axis, respectively. We rotate the crystal growth axis ͑defined as the zЈ-axis͒ from ͑x , y , z͒ coordinate to ͑xЈ , yЈ , zЈ͒ coordinate, as shown in Figs. 1͑d͒-1͑f͒. The relations between the original coordinate system and the rotated coordinate systems for the wave vectors, strain tensors, and elastic stiffness constants are expressed as
From Eq. ͑6͒, we can obtain the rotated elastic stiffness constants, which are defined through Hooke's Law. The parameters of elastic stiffness constants we used are also listed in Ref. 4 . For the Hamiltonian of the crystal growth orientation zЈ-axis, the k z Ј will be transformed into the differential form −i ‫ץ‬ / ‫ץ‬zЈ.
We apply the self-consistent Poisson and 6 ϫ 6 k · p Schrödinger solver to iteratively solve the band structure, energy levels, and wave functions of electron and hole until they are converged. From the basis of the Hamiltonian, we can obtain the polarization-dependent optical matrix element. The x, y, and z polarized light is then transformed into xЈ, yЈ, and zЈ coordinate to present the in-plane and out-plane polarized light. The light emission rate is calculated by
where f e and f h are Fermi-Dirac function, n r is the refractive index, and E i,j is the effective bandgap between states i and j. is the inhomogeneous broadening factor.
In order to analyze the polarization, we need to define the polarization ratio. Considering the different measured orientations, we define the polarization ratios as
where I x Ј , I y Ј , and I z Ј are the emission intensity with the light polarization parallel to the xЈ-axis, yЈ-axis, and zЈ-axis, respectively. Also, I ͑x Ј +z Ј ͒ represents the summation of I x Ј and I z Ј .
III. RESULTS
Our previous studies on the a-plane InGaN quantum well 4 have shown that increasing strain and making the effective mass difference large are the key points to enhance the polarization ratio of the emitted light. To achieve the larger polarization ratio, the topmost subband state is suggested to be purely ͉XЈ͘-like, ͉YЈ͘-like, or ͉ZЈ͘-like state for surface emitting. Also, the energy separation of the first band to the second band should be large. Hence, the strain induced energy separation should be strong. For a strong quantum confinement effect when making quantum wells, a larger outplane effective mass difference between the first and the second subbands is needed.
Figures 2͑a͒ and 2͑b͒ show the changes of the out-plane effective mass ratio and the energy separation of CH1-CH2 bands with different crystal growth orientations for biaxial strained InGaN alloy films. We can find that the larger effective mass ratio is located at = 75°-90°. Moreover, for higher indium composition, another peak is near 30°-40°. For the near 75°-90°, the CH1 band is dominated by the ͉YЈ͘-liked state, as shown in Figs. 2͑c͒ and 2͑d͒. On the other hand, the peaks near 30°-40°is dominated by ͉XЈ͘-and ͉ZЈ͘-liked states, where the two states are not completely separated.
As shown in Figs. 2͑a͒ and 2͑b͒, we can find that the energy separation trend and out-plane effective mass difference change significantly at = 15°-60°for different indium composition cases. As we know, the shear strain is no longer 0 for the semipolar plane. Therefore, the deformation term D 6 starts to play an important role here. The shear strain will lift up the ͉XЈ͘ and ͉ZЈ͘ states, while the normal strain will lift up the ͉YЈ͘ state. It means that the two kinds of strain effects compete with each other and results in the switching of the energy band positions. If we compared the 30% InGaN to 50% InGaN from = 13°to 52°, we can find that the energy separation of the first state to the second state becomes larger due to the stronger influence of the shear strain. A switching behavior is observed for indium composition larger than 40%. From Fig. 2 , we can find that the better polarization ratio can be achieved at around 15°-30°and 75°-90°.
In the previous case, we show the result for a bulk strained InGaN alloy film, where the quantum confinement effect is not considered. Here, we further include the quantum confinement effect in a strained InGaN quantum well. Figure 3 shows the polarization ratio of an InGaN/GaN quantum well as a function of crystal angle for different indium compositions. Similar to the strained bulk InGaN alloy film, the InGaN-based quantum well system with growth orientation along = 75°-90°has higher polarization ratio. However, due to the limit of the growth technique, it is not possible for all arbitrary growth orientation. Moreover, the most common semipolar planes mentioned earlier are along ͑1122͒ and ͑1013͒ directions, which is rotated 58°and 32°f rom c-axis, respectively. Therefore, we will study in detail for the light emission polarization properties of ͑1122͒ and ͑1013͒ semipolar InGaN/GaN quantum wells.
A. Semipolar "101 3 … InGaN quantum well Figure 4 shows the valence band structure of the InGaNbased semipolar ͑1013͒ quantum well with indium composition equal to 20%. As mentioned in the strained bulk case where the first band is mainly ͉YЈ͘ state, the ͉YЈ͘ state is pulled down to be the second subband by the quantum confinement effect when the quantum well is formed. It is due to that the out-plane effective mass of the ͉YЈ͘ state is smaller than that of the 0.6͉XЈ͘ + 0.4͉ZЈ͘ state.
Figures 5͑a͒ and 5͑b͒ show the relative energy separation of the ͉YЈ͘ subband to the ͉XЈ͘ + ͉ZЈ͘ subband and the polarization ratios of InGaN/GaN ͑1013͒ semipolar quantum well as a function of indium composition, respectively. Note that the relative energy separation is defined as the difference from the ͉YЈ͘ subband to the ͉XЈ͘ + ͉ZЈ͘ subband. It means that if the ͉XЈ͘ + ͉ZЈ͘ subband state is the topmost state, the relative energy separation would be a negative value. From  Fig. 5͑a͒ , we can find that the ͉XЈ͘ + ͉ZЈ͘ subband will be the topmost subband with higher indium composition. Therefore, the polarization ratio decreases as the indium composition increases. We can find that ͉XЈ͘ + ͉ZЈ͘ state becomes the first subband when the indium composition is larger than 10%. However, if we simply compare the polarization ratio for the yЈ-polarized light to the xЈ-polarized light, the switching is happened when the indium composition is larger than 30%. This is due to the mixing of ͉XЈ͘ and ͉ZЈ͘ states so that carriers filled in the first subband do not emit pure xЈ-polarized light.
Figures 6͑a͒ and 6͑b͒ show the relative energy separation and the polarization ratio as a function of well width for different indium compositions, respectively. Since the effective mass of the confined direction of the ͉XЈ͘ + ͉ZЈ͘ subband is larger than that of the ͉YЈ͘ subband, the quantum confinement effect becomes weaker when the well width increases.
Hence, the absolute value of the relative energy separation decreases as the well width increases and resulted in the increase in the yЈ-polarization component. Therefore, the polarization ratio increases as the well width increases. Figure 7 shows the change in polarization ratio y Ј x Ј , versus injection carrier density of the ͑1013͒ InGaN quantum well. The band bending caused by the polarization charge decreases as the injection carrier density increases due to the screening effect. Also, when more carriers are injected into the quantum well, the higher energy states are filled with carriers. As a result, there are more carriers being filled in ͉YЈ͘-like state under the high injection condition compared with the low injection condition. The yЈ-polarized light component increases as the carrier injection density increases. Therefore, the absolute value of polarization ratio increases under high carrier injection condition. The simulation result shows that if we want to design a cavity for the laser diode, for lower indium composition, we should consider to excite the yЈ-polarized light. Especially when carrier injection increases, yЈ-polarized light will be enhanced. However, for 40%-50% indium cases, xЈ-polarized light is dominated and the increase in injection carriers will make the polarization ratio worse.
B. Semipolar "112 2… InGaN quantum well
Semipolar ͑1122͒ InGaN quantum well has attracted a great attention for green light emitters. 31, 32 There are some studies indicating that the indium incorporation of the ͑1122͒ InGaN-based quantum well is similar to or even greater than that of the c-plane one. 33 As a result, there is a strong potential in the ͑1122͒ semipolar LEDs for long wavelength light emitter application such as green and yellow LEDs. 24 Figures 8͑a͒ and 8͑b͒ show the valence band structure of the InGaN-based semipolar ͑1122͒ quantum well with indium composition equal to 20% and 50%, respectively. We can find that the subband mixed with ͉XЈ͘-like and ͉ZЈ͘-like states becomes the topmost band for the 50% indium case. Moreover, for 20% indium case, the state is purely dominated by ͉YЈ͘-like state. It is due to that the contribution of the shear strain effect becomes significant in the high indium composition case. Therefore, the switching phenomenon occurs in the indium composition near 40%-50%. It means that the ͉XЈ͘ + ͉ZЈ͘ subband is lifted up to be the topmost subband, which is also reported in Ref. 25 . Figures 9͑a͒ and 9͑b͒ show the relative energy separation of the ͉YЈ͘ subband to the ͉XЈ͘ + ͉ZЈ͘ subband and the polarization ratios of the InGaN/GaN ͑1122͒ semipolar quantum well as a function of the indium composition, respectively. Because the shear strain ⑀ xz becomes dominant as the indium composition increases, the relative energy separation decreases as the indium composition increases. It is worth noting that the relative energy separation of the 20% indium composition is slightly larger than that of the 10% indium composition because the crystal-field energy ⌬ 1 of InN is larger than that of GaN. In addition, the relative energy separation in the quantum well is similar to that of the strained alloy film since the effective mass difference of the two subband states is small. As shown in Fig. 9͑b͒ , we can find that the polarization ratios decrease as the indium composition increases because the xЈ-polarized and zЈ-polarized components become stronger. As shown in Fig. 9͑a͒, there is a   FIG. 6 . ͑Color online͒ ͑a͒ The relative energy separation of the ͑1013͒ InGaN/GaN quantum well structure as a function of well width for different indium compositions. Note that the relative energy separation is defined as the difference from the ͉YЈ͘ subband to the ͉XЈ͘ + ͉ZЈ͘ subband. ͑b͒ The polarization ratio of the InGaN/GaN ͑1013͒ quantum well as a function of well width for different indium compositions .   FIG. 7 . ͑Color online͒ The shift in the polarization ratio y Ј x Ј vs the injection carrier density of the semipolar ͑1013͒ quantum well for different indium compositions. 25, 31 which the polarization switching is observed around 30% indium composition. Figures 10͑a͒ and 10͑b͒ show the relative energy separation and the polarization ratio as a function of well width for different indium compositions, respectively. As mentioned earlier, the effective mass of the ͉XЈ͘ + ͉ZЈ͘ subband is slightly larger than that of the ͉YЈ͘ subband. Therefore, for indium composition smaller than 40% where the ͉YЈ͘-liked is the first subband, the smaller quantum well width will make the two subbands closer. When the indium composition is larger than 40%, ͉YЈ͘-liked subband becomes the second subband and smaller quantum well width will make the separation of two subbands larger. As we know, since the QCSE is weaker in the semipolar plane, we can have a large quantum well width, which is good for high power application. Hence, for the indium composition below 40%, it is good to make a wider quantum well for high power applications and also keep good polarization ratio. Figure 11 shows the change in polarization ratio y Ј x Ј versus injection carrier density of the ͑1122͒ quantum well for different indium compositions. For the indium composition smaller than 40%, the ͉XЈ͘ + ͉ZЈ͘ subband state is the second subband in the system. The xЈ and zЈ polarization components are getting stronger when more carriers are injected into the quantum well. Hence, the increase in injection will make the polarization ratio y Ј x Ј weaker. However, for the indium composition larger than 40%, the subbands are switched. The ͉YЈ͘ subband state becomes the second subband and therefore, the increase in injection will make the polarization ratio y Ј x Ј stronger.
Note that the deformation potentials of InN are still not determined very well. For example, as shown in Table I Figure  12 shows the polarization ratio y Ј x Ј versus the indium composition with different values of deformation potentials listed in Table I . We can find that the change in the deformation FIG. 9 . ͑Color online͒ ͑a͒ The relative energy separation of the ͑1122͒ InGaN/GaN quantum well structure and the strained InGaN alloy film as a function of indium composition, respectively. Note that the relative energy separation is defined as the difference from the ͉YЈ͘ subband to the ͉XЈ͘ + ͉ZЈ͘ subband. ͑b͒ The polarization ratios of the InGaN/GaN ͑1122͒ quantum well as a function of indium composition. potential has a significant influence on the polarization ratio, especially for the higher indium composition cases. These changes are mainly from the contribution of the terms D 5 ͑⑀ xx − ⑀ yy ͒ and D 6 ͑⑀ xz ͒ in Eq. ͑2͒. If we use the material parameters B listed in Table I , 34 we may not be able to obtain the polarization switching in the ͑1122͒ semipolar plane. Moreover, the parameters suggested by Ueda et al. 25 show an earlier switching compared with our results. Therefore, it is very important to further determine the material parameter of InN to provide a better prediction in the future.
IV. CONCLUSION
In conclusion, we have done a detail study of the optical anisotropic behavior for the semipolar quantum well with different growth orientations. The more detail studies on the influence of the indium composition, well width, and injection carrier density for the ͑1013͒ and ͑1122͒ semipolar InGaN/GaN quantum wells are performed in this work. The optical polarization properties are strongly affected by the strain effect and effective mass ratio, especially from the shear strain component. Furthermore, the polarization switching behavior at semipolar plane ͑1122͒ has been observed in our calculation, which provides an explanation to the experimental results. 25 Our work provides an useful information for designing the semipolar ͑1013͒ and ͑1122͒ InGaN quantum well for applications, such as LCD backlight modules and laser diodes.
